Measurements of voltage changes in response to charge separation within membrane proteins can offer fundamental information on mechanisms of charge transport and displacement processes. A recent example is provided by studies of cytochrome c oxidase. However, the interpretation of the observed voltage changes in terms of the number of charge equivalents and transfer distances is far from being trivial or unique. Using continuum approaches to describe the voltage generation may involve significant uncertainties and reliable microscopic simulations are not yet available. Here, we attempt to solve this problem by using a coarse-grained model of membrane proteins, which includes an explicit description of the membrane, the electrolytes, and the electrodes. The model evaluates the gating charges and the electrode potentials (c.f. measured voltage) upon charge transfer within the protein. The accuracy of the model is evaluated by a comparison of measured voltage changes associated with electron and proton transfer in bacterial photosynthetic reaction centers to those calculated using our coarse-grained model. The calculations reproduce the experimental observations and thus indicate that the method is of general use. Interestingly, it is found that charge-separation processes with different spatial directions (but the same distance perpendicular to the membrane) can give similar observed voltage changes, which indicates that caution should be exercised when using simplified interpretation of the relationship between charge displacement and voltage changes.
Measurements of voltage changes in response to charge separation within membrane proteins can offer fundamental information on mechanisms of charge transport and displacement processes. A recent example is provided by studies of cytochrome c oxidase. However, the interpretation of the observed voltage changes in terms of the number of charge equivalents and transfer distances is far from being trivial or unique. Using continuum approaches to describe the voltage generation may involve significant uncertainties and reliable microscopic simulations are not yet available. Here, we attempt to solve this problem by using a coarse-grained model of membrane proteins, which includes an explicit description of the membrane, the electrolytes, and the electrodes. The model evaluates the gating charges and the electrode potentials (c.f. measured voltage) upon charge transfer within the protein. The accuracy of the model is evaluated by a comparison of measured voltage changes associated with electron and proton transfer in bacterial photosynthetic reaction centers to those calculated using our coarse-grained model. The calculations reproduce the experimental observations and thus indicate that the method is of general use. Interestingly, it is found that charge-separation processes with different spatial directions (but the same distance perpendicular to the membrane) can give similar observed voltage changes, which indicates that caution should be exercised when using simplified interpretation of the relationship between charge displacement and voltage changes.
bacterial reaction center | membrane potential | electrogenicity | proton/electron transfer T he use of electrometric techniques to study time-dependent membrane potentials has been exploited in elucidating charge motions in membrane proteins, thereby offering mechanistic insights into the function of membrane-bound channels and pumps (1) . For example, data from time-resolved measurements of voltage changes across the redox-driven proton pump cytochrome c oxidase have been used to propose a sequence of electron and proton-transfer events within the enzyme (2) . These studies enabled observation of proton-transfer reactions that are typically "invisible" when using spectroscopic techniques and to link these events to electron-transfer reactions. Unfortunately, a correlation of the observed voltage changes with the number and displacements of transferred charges is challenging because the nature of the dielectric response in a protein-membrane system is complex. Thus, it is not straightforward to use macroscopic models to obtain a unique relationship between internal charge motions and the generated potential. The problem is particularly serious if the dielectric or electrostatic response changes significantly in the time range of the experiment. For example, in the case of cytochrome c oxidase a voltage change may be generated by the relaxation of water molecules in an intraprotein proton pathway approximately perpendicular to the membrane surface in response to an internal proton transfer approximately parallel to the membrane surface (see water molecules stretching across the distance from the membrane surface to Glu286 and proton transfer from Glu286 to the catalytic site, respectively; Fig. S1 ). The voltage change associated with water relaxation would be incorrectly interpreted as that of a proton transfer to the heme a 3 propionate D, perpendicular to the membrane surface (Fig. S1 ), which is a key step of the proton-pumping process. In other words, in this case a direct translation of the measured voltage into a charge-transfer distance may not allow for a correct identification of the proton-transfer events.
Even though interesting macroscopic studies of such chargetransfer events have been presented (3) it is still a challenge to quantitatively correlate the observed voltage changes to assumed mechanisms. The difficulties arise from both the uncertainties in the macroscopic treatments and the fact that, in contrast to standard cases with a constant applied potential, here the electrode potential is allowed to vary in response to the charge separation. Overcoming the macroscopic uncertainties by applying a fully microscopic study is unfortunately extremely challenging.
To resolve the above issues we have used our recently developed coarse-grained (CG) model for the electrode external voltage effect (4), where we introduced a self-consistent treatment that allows the electrode potential to equilibrate with intraprotein charge-transfer reactions. The CG simulations were then validated by reproducing the results from measurements of voltage changes associated with electron and proton transfer in bacterial photosynthetic reaction centers (RCs) (5).
Conceptual Considerations
Our basic strategy is to consider both experimentally and computationally a well-defined system where the elementary chargeseparation steps are known and to determine the voltage changes and gating charges that arise in response to chargeseparation events. As a start we consider in Fig. 1A a simple schematic system that is set up to monitor a charge-separation event in a membrane. Such an event leads to accumulation of electrolyte charges near the membrane where the opposite charges
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The authors declare no conflict of interest. are accumulated near the electrodes (we consider a nonequilibrium condition where the total charge is conserved on each side of the membrane). In case of sufficient screening by the electrolytes, the potential between the electrodes is similar to the potential difference across the membrane. Our CG model allows us to evaluate the charge accumulated near the left electrode, which sums up to −Q 0 (with an opposite charge near the right electrode). This charge is defined below as the "gating charge," in analogy with voltage-gated ion channels (4, 6, 7) . In addition, we can consider the voltage generation (Fig. 1B) .
When the internal membrane charge is generated, electrolytes and electrode charges move and the corresponding current ðiÞ satisfies the relation
where C is the capacitance. In addressing the challenge of obtaining Q 0 , we note that we can use our CG model and calculate Q 0 for different ΔV . Unfortunately, in contrast to standard cases with a constant applied potential, here we do not know the final ΔV or Q 0 . However, we may try to determine ΔV by evaluating the electrolytes distribution for different ΔV and selecting the specific ΔV that leads to the lowest total free energy. More specifically, when we consider a fixed applied potential we obtain a well-defined gating charge, but here our system responds to the charge separation by changing the electrode potential. To analyze such a system we perform CG calculations (section 2) with different assumed electrode potentials and ask which one is at equilibrium with the charge separation by finding the lowest free energy of the whole system (Fig. 2) . Although this procedure seems to be the most logical treatment, it might involve some difficulties (discussed below) and will be used here in an exploratory way while considering other options to obtain a stable generated voltage.
With the above considerations, we can turn to the experimental study of the voltage generated by the charge separation in bacterial photosynthetic RCs. The relevant analysis has been done previously with the experimental setup that is described in detail in ref. 5 . This setup determines the voltage changes associated with the translocation of a charge q da between a donor (d) and an acceptor (a) in a single RC (which is placed with the membrane perpendicular to the field):
where ΔQ da is a displacement charge that flows through the external circuit, C L is the capacitance of the interfacial membrane layer, and α da is a parameter (often called dielectric distance) that was estimated phenomonologically in ref. 5 as
where d da is the distance (perpendicular to the membrane surface) between acceptor and the donor, D L is the thickness of the membrane around the RCs, « da is the dielectric constant in the interior of the RCs in the segment between the donor and acceptor, and « L is the average dielectric constant of the membrane region. The estimate of α da through Eq. 3 (ref . 5) is not certain because the macroscopic assumptions used (8) to determine the parameters that define α da in Eq. 3 are qualitative. Thus, we use the above estimate only as a hint. Fortunately, we are not bound by these assumptions because we are only interested in the value of ΔQ da ; which would be determined by our CG approach. The procedure of finding the gating charge and the electrode potential for the hypothetical system. The total free energy (red) is evaluated for different voltages using Eq. 7 and the minimum free energy is found at −70 mV. The gating charge (∼0.4 e) at this voltage was estimated using Eq. 6, by considering the difference between the integrated electrolyte distribution (Insets) before (blue) and after (red) the charge separation. Notice that the free energy profile as a function of external (electrode) voltage is quadratic, a feature that appears in any system where the charging (by external voltage in the present study) follows the linear response approximation.
Key Features of the CG Modeling Approach
Our CG treatment is aimed at modeling the protein-membrane system and its interaction with the external potential. The CG simulation system for the present study has been constructed as described in detail elsewhere (4) and in Supporting Information, Section S3. The simulation system constitutes a simulation box that explicitly includes the membrane, protein, and a grid representing the electrolyte solution. We also add a "bulk region" far away from both the membrane and electrode surfaces, as a way for spanning the space between the membranes and the electrodes without using an enormous grid. The specific treatment of the electrode potential is outlined in ref. 4 and Supporting Information, Section S3. Our CG model solutions consider the electrolytes by using a self-consistent grid-type approach where the residual charges at each grid point represent the charges of the electrolytes ðq
The electrostatic potential on each grid point, ϕ j (in kilocalories per mole), is expressed as
where r jk (in angstroms) are the distances between corresponding points and V ext j represents the electrode potential on the ith grid point (described below). Here, q p k is the charge of the kth protein residue [these charges are evaluated by a Monte Carlo (MC) procedure (4)] and q g k is the point charge at the kth grid point (representing the excess net charge of the kth volume element). « eff jk = 1 + A½1 − expð−0:5r jk Þ is a distant dependent dielectric constant with an amplitude (A) of either 60 or 80 in the present study (Table 1) and « wat (= 80) is the dielectric constant of the bulk water. The final set of the grid charges fq g g are obtained iteratively (Supporting Information, Section S3).
To model the effect of the external potential one can consider formally the membrane/protein/water system as a capacitor. In the present work we use the well-known macroscopic capacitor model (9) , where the external potential induces surface charges and creates the corresponding displacement vector D 0 . In this case we have
where σ f is the surface charge. With the corresponding external potential (Supporting Information, Section S3) and the rest of the CG terms we determine iteratively the membrane potential and the electrolyte charges and also evaluate the free energy of the protein charges in the presence of this potential. An alternative strategy to represent the electrodes is to replace the treatment of Eq. 5 by a finite grid of point charges on the electrode. Both treatments have been described and validated in ref. 4 . With the CG model we have the unique ability to evaluate the charge distribution of the electrolytes and the gating charge, rather than its continuum approximation (see discussion in ref. 4 ). This is done by using the procedure described in the caption of Fig. 3 , where we obtained the gating charge by
where ΔΔq grid is the difference in the accumulative sum of Δq grid before and after charge translocation and Z′ is the point to the left of Z where the electrolyte charge distribution near the membrane changes sign. At this point, the integrated charge reaches a plateau and then starts to decrease. The overall CG protein/membrane energetics in the presence of electrolytes and the external potential have been refined in the present study by including the penalty for the polarization energy of the system (10). Thus we express the total free energy as:
where ΔG CG is the free energy of the CG protein and membrane system (6), and the half fraction (1/2) reflects the polarization penalty.
Results and Discussion
To evaluate the model by reliable experimental data with a well-defined system, we measured light-induced voltage changes in photosynthetic RCs from Rhodobacter sphaeroides that were reconstituted in phospholipid vesicles, which were adsorbed to a Teflon film (5) . The primary data are summarized in Supporting Information, Section S2 (Figs. S2 and S3) . The RCs are membrane-bound protein complexes that convert light energy into electrochemical energy (see Fig. 4 and refs. 11 and 12 for more details on this system). The absorption of light by the donor, P (a bacteriochlorophyll dimer), is followed in time by a series of sequential electron-transfer reactions, which Fig. 3 . The CG model of the system used in the present work: the protein/ membrane system (region I), the electrolyte grid (regions III and IV), and the bulk region (Bulk) between electrolyte grid and the electrodes. See also Tables S1 and S2. The electrogenicities were evaluated, respectively, using *Eq. 3 with a uniform dielectric constant, † gating charge, and § electrode potential that reflects the CG generated voltage upon charge transfers (Fig. 7) . The amplitude (A) of « eff (see text) is 80. However, when A is reduced to 60, the normalized (absolute) electrogenicity in terms of the gating charge is 1(0.210e), 0.10 (0.0210e), and 0.381 (0.081e), respectively, from the first to third reaction. The numbers in parentheses are absolute electrogenicities. stabilize the charge-separated state for progressively longer times. In the initial step, an electron from P is transferred to a pheophytin, Φ A , and then consecutively to the tightly bound primary quinone acceptor, Q A , and the loosely bound secondary acceptor, Q B . After absorption of two photons, the doubly reduced quinone binds two protons forming Q B H 2 , which dissociates from the RC and is replaced by an unprotonated quinone from the quinone pool in the membrane. In the present study, the isolated RCs were incorporated into a phospholipid layer, which was adsorbed onto the surface of a Teflon film separating two electrolyte-filled compartments (see refs. 5, 13, and 14 for a description of the system). Illumination of the RC-lipid layer generated voltage changes ( 2+ a slower increase in voltage was observed, associated with rereduction of P + by added cytochrome c 2+ with a time constant of ∼0.7 ms at 400 μM cytochrome c 2+ (Fig. S3 ). After the second flash, with bound Q B the increase in voltage at t = 0 was associated with the charge separation PQ A Q B − → P (Fig. S2 and Fig. 5 ). The charge-separation voltage was followed in time by a slower voltage increase with a time constant of ∼1.2 ms (at pH 8.0) (Fig. 5) , associated with proton uptake to the doubly reduced quinol, P + Q A − Q B − + 2H + → P + Q A Q B H 2 , consistent with earlier studies of chromatophores (15) . The slower increase in voltage was associated with rereduction of P + by added cytochrome c 2+ ( Fig. 5 and Fig. S3 ). The electrogenicities of the reactions discussed here are summarized in Table 1 and Tables S1 and S2. When estimating the electrogenicity associated with the chargetransfer reactions, each voltage change must be corrected for the orientation of RCs in the membrane. For example, cytochrome c can donate electrons to the RC population in which the donor, P, faces the outside solution (fraction of RCs is Θ S ), but not in which it faces the interior of the vesicles or the Teflon film (fraction of RCs is Θ T ). Consequently, the doubly reduced Q B is formed only in the Θ S fraction. The orientation Θ = Θ S − Θ T was found to be 0.14 ± 0.3 (5), which means that that the fraction "correctly" oriented RCs, Θ S , was ∼60%. Consequently, if the charge separation PQ A Q B → P + Q A − Q B is normalized to unity, then the P
voltage must be normalized (divided) by a factor of ð1 + θÞ ð1 − δÞ=2 θ ≅ 3:7, where Θ is the orientation, defined above, and δ is the fraction RCs containing Q B (∼90%) (see also Supporting Information, Section S2).
As discussed in section 2, our model can determine the change in the electrolyte's charge distribution in response to the change in the charge of the membrane-protein system. In the case of the RC system, we know the nature of the charge-separation process and the corresponding observed change in the potential on the electrodes. Thus, our task is to validate the model by examining its ability to reproduce the observed voltage change. This was done as described in section 2, by calculating the change in the electrolyte distribution before and after the given charge-transfer step for different potentials while finding the external potential that minimizes the free energy of the system.
The initial protonation state of the CG model was determined by an MC proton-transfer approach (e.g., see ref. 16 ) with about 50,000 MC steps, followed by energy minimization and a molecular dynamics relaxation of ∼100 ps. Another round of ∼10,000 MC steps had been carried out before the system was fed into a next step of determining the electrolyte distribution. In calculating the electrolyte distribution, we started with the isolated RC and performed MC calculations of the protein charge distribution, with the RC in the dark-adapted state. We then evaluated the electrolyte distribution with the RC in the charge-separated Fig. 4 . The RC system and the key cofactors involved in the charge separation process. The vertical distance (that is normal to membrane) is 25, 0, and 10 Å, respectively, for the charge transfer reactions considered in the present study ( Table 1 ). The membrane width, shown in dashed lines, is 40 Å. state. In principle the next step should involve MC evaluation of the RC ionization state in the presence of the electrolyte charges. This expensive procedure would consider the possible change in the ionization state of the RC charged groups as a result of the equilibration of the electrolytes. However, we felt that handling the possible instability of a fully iterative cycle should be left to subsequent studies. A key element in our treatment is the use of the RC ionization state that corresponds to the PQ initial state. This strategy reflects the assumption that the changes in ionization states (and the corresponding protontransfer processes) are slower than that of the fast charge separation process (see discussion in section 4 and Supporting Information). The calculations were repeated for different sets of applied potentials as described in Fig. 6 and the result with the lowest absolute free energy was taken as the relevant result (note, however, the discussion below). The calculated electrolyte distribution for the PQ A Q B to P + Q A − Q B charge separation is presented in Fig. 6 , Inset and the resulting gating charge is about 0.54e, which is reasonable, considering the uncertainties in the estimate of ref. 5 . It should also be noted that the calculated gating charge was found to be almost independent of the applied potential (Fig. 6) , as is the case for the model system of Fig. 2 . This finding is important since the calculated dependence of the overall free energy on the electrode potential might still be tentative, because some of the contributions (e.g., the energy of polarizing the electrolytes) might need further refinement. Note, however, that the change between the positions of the minimum for the PQ A Q B and P figure 4 in ref. 5) . However, whereas we continue to explore the origin of the difficulties to pinpoint the change in potential by calculating the minimum of the free energy/potential correlation we also explored another approach (Fig. 7) for determining voltage changes that was found to be more effective for this specific purpose. That is, we calculated the potential changes near the electrodes for different values of the applied external potential (Fig. 7 and Table 1 ). Fortunately, the evaluated difference appeared to be insensitive to the applied potential and was found to be about 2 mV, in a good agreement with the observe change (5) as well as the related estimate of the effect of charge separation in cytochrome c oxidase (3).
We also explored the gating charge for the [
process and obtained a value close to 0, in agreement with the corresponding observed change (Fig. 8A and Table 1 ). Next, we examine the gating charge for the [P
process. In this case, we obtained about 0.13e, which is also in a good agreement with the experimentally observed value (Fig. 8B , Table 1, and Table S2 ).
Finally, Fig. 9 shows the relative change in voltage as a function of the charge-transfer distance (Supporting Information, Section S2). As seen in the graph, there is a close to linear dependence (c.f. Eq. 3) for the charge transfer from the surface on the periplasmic side to Q A . In trying to analyze the origin of this effect, we found that changing the dielectric constant for the charge-charge interactions affects the protonation states of protein charged residues, which influences the gating charges (Table 1) . On the other hand, it was found that a change in the dielectric constant for interactions between the protein residues without changing the protonation states does not lead to any change in the potential. This, however, is not directly related to the dielectric constant in Eq. 3, because the corresponding derivation assumed a macroscopic dielectric for the whole protein and thus may reflect the dielectric for the interaction between the electrolytes and the protein charges (or other elements). Such a treatment also included implicitly the effective dielectric for the response of the protein to the external potential, which is treated more explicitly in the microscopically defined CG model. Thus, we need further studies to elucidate the microscopic origin of the trend of Fig. 9 , but we are encouraged by the ability to reproduce this trend.
Concluding Remarks
This work explored the relationship between charge separation processes in membrane proteins and the corresponding gating charges as well as changes in the electrode potentials (i.e., voltage generation). The consideration of the RC test case gave overall encouraging results and some confidence in our ability to use the CG approach in studies of more challenging problems. The need for CG analysis introduced here has been dictated by major uncertainties in the use of macroscopic models and approaches in studies of membrane-electrolytes-electrode systems. This does not mean that macroscopic models like the one used by Stuchebrukhov and coworkers (3) cannot provide useful information, but we the reaction is located around +200mV, yielding (using Eq. 6) a gating charge of ∼0.54e, by considering the difference between the integrated electrolyte distribution (Insets) before (blue) and after (red) the charge separation (Inset). The electrode potential (at free energy minima) is in the range 0∼35 mV. The free energy profiles as a function of the external potential were determined using Eq. 7. believe that it is essential to use a more microscopic approach and to compare these results to those obtained from experimental studies. Such studies establish the foundation for interpretation of results from studies of more complex systems such as cytochrome c oxidase. In this respect, we find it instructive that the results for the PQ A Q B → P
− steps (obtained by combining two steps in the table) are very similar although they correspond to charge movement in different directions. This means that the direction of the charge separation cannot be determined in a simple way by just measuring the gating charge (interestingly, the same results are also predicted by Eq. 3). In other words, we find that charge-separation processes with different spatial directions can give similar observed voltage changes. Another case is the proton uptake to Q B . Here, the observed (and calculated) voltage change is significantly smaller than that predicted, assuming that the voltage is proportional to distance in the RC. Part of this effect is probably due to the fact that the proton transfer occurs at a high dielectric region. The above observations indicate that caution should be exercised when using simplified relations between charge-displacement distances and observed voltage changes. In other words, the analysis is not simple because it depends on the microscopic nature of the dielectric environment and the dielectric relaxation times and also cannot be determined with certainty using macroscopic formulations.
Another point of interest is the finding that the results depend strongly on whether or not we allow for proton reequilibrium after the charge-separation process. Here, we assume that the PQ A Q B → P + Q A − Q B charge separation process is faster than the subsequent proton transfer between different protein ionizable groups or between such groups and bulk solvent (see also Supporting Information). This assumption is justified by the finding that allowing proton equilibration during the first step leads to poor agreement between the calculated and observed voltage changes (Supporting Information, Section S4). However, the possibility of coupled electron-proton transport should be clearly simulated for the slower steps and at present the most effective way for exploring this problem is the use of our time-dependent CG model for proton transport (16) . (Table S3) .
In summary, the present CG study provides a powerful tool for interpretation of data from studies of transmembrane voltage changes and for correlating the observed electrogenicities with the corresponding molecular events. This is particularly significant because in almost all studies it is assumed that the measured voltage is proportional to the number of charges and the distance independently of the region where the charge separation occurs within the protein. Our calculations show that this assumption is not valid and thus a modeling approach that considers explicitly the entire system is important.
Methods
Our general strategy involves a refinement of our recent CG model and the extension of this model to the incorporation of an external potential in the simulation of protein/membrane system. The protein system is treated by a CG model that describes the main chains by an explicit model that represents the side chains as a simplified united atom model, whereas the membrane is described by a grid of nonpolar groups. This CG model provides a more advanced treatment of electrostatic effects than most current CG models (for more details see ref. 4 and Supporting Information, Section S2). A and 0.13e in B) was evaluated using Eq. 6, by considering the difference between the integrated electrolyte distribution before (blue) and after (red) the charge separation. Fig. 9 . The relation between the measured voltage (per unit charge) and the position within the membrane (i.e., for the different studied reactions). S P and S C are the RC surfaces on the periplasmic and cytoplasmic sides, respectively. See Supporting Information, Section S2 for details.
